ABSTRACT The main contribution of this paper is to present a methodology proposal for the electromagnetic design of the axial-flux switched reluctance generator with C core (C-SRG). The proposed methodology focuses on different aspects. First, initial C-core dimensions are obtained from analytic equations and design considerations from the traditional switched reluctance machines. Then, a 2-D finite-element method (FEM) model is used to determine the final constructive parameters of the C-SRG coupled with an iterative optimization process. From the proposed design methodology, a C-core prototype of the generator was built, and the static results were obtained. The C-SRG operational analysis compares the experimental results to the simulations results, which uses a model based on FEM that well represents the nonlinearities of the system. The simulated and experimental results attested the viability and efficiency of the proposed methodology to design the C-SRG for wind power generation.
I. INTRODUCTION
Switched reluctance machines (SRM) have been gaining ground in research applied to systems requiring high power density, simplicity of construction and low manufacturing costs. These machines have been the subject of studies in the field of electric vehicles and wind power generation, mostly due to the absence of permanent magnetic elements and the presence of coils only in the stator [1] . Thus, these machines have a lighter rotor which, coupled with their intrinsically switched nature (which necessarily requires the presence of an electronic converter for its operation), making them compatible with and attractive for applications in wind power generation [2] .
The switched reluctance generator (SRG) is considered a competitive alternative to traditional machines used in wind power generation for small and medium power requirement, because of its operating characteristics, which allow it to function in a wide range of speed at high performance levels [3] . The use of the SRG for wind power systems has been addressed in several studies in the last decade [4] - [6] .
Although other topologies have been studied [7] , [8] , there are few studies that address the application and design of axial flux switched generators for wind power generation.
The main studies exploit procedures for switched motor design. For example, a novel segmented rotor SRM (SSRM) is proposed in [9] . This research shows that the proposed topology has less mutual inductance between phases that the capacity of operating with the fault under phase failure condition is superior to that in the conventional SRM. Besides, a comprehensive study of the structure and electromagnetic characteristics of the SSRM are presented in [10] . Thus, there is a gap regarding the procedures for the electromagnetic design of axial switched reluctance generators, particularly for applications in variable speed generation.
Prominent among the new topologies studied is the Axial-Flux Switched Reluctance Generator with C Core. The C-SRG has as its main feature a modular stator composed of multiple C-shaped cores that are mutually independent. Studies of C-SRG in wind power applications have been carried out in [11] - [14] . Reference [11] presents the design of the asymmetric half bridge converter for C-SRG and proposes a power control method adjusted for wind power generation systems. Reference [12] describes the operation steps of C-SRG and shows the equivalent magnetic circuit models for the aligned and unaligned positions like that developed by [15] in radial flux reluctance motors. Although [12] addresses some design considerations, it does not detail procedures for calculating motor dimensions. The magnetization process of the SRG with C core is analyzed in [14] and [15] . The high inductance in the windings of reluctance generators limits the excitation level of the magnetic field and prevents magnetization from being rapidly established, compromising power output limits in certain operating conditions. In [14] , it is proposed the use of an auxiliary winding to solve this excitation problem and an analysis of this auxiliary winding proposed it is shown in [15] , using a computational dynamic model.
In this research, it is described the design methodology, as well as the optimization process of the magnetic core. Firstly, the dimensions of an initial design are calculated. and then an optimization technique is used associated with the two-dimensional finite element method (FEM-2D) to obtain the final dimensions of the magnetic core and windings. After, a two-dimensional finite element method (FEM-2D) model is used to optimize the constructive parameters. The FEM-2D was chosen due to the less computational effort during the optimization process when compared to threedimensional finite element method (FEM-3D) model. However, it was necessary to include correction factors to calculate the inductances of the C-SRG model. This paper makes several contributions to the literature. First, it presents a comprehensive framework for the electromagnetic design of the C core switched reluctance generator. Second, the C-SRG is a non-conventional type of the switched reluctance generator and most research focuses on the traditional structure (radial flux SRG), so this paper supplements the literature, addressing this subject poorly investigated. Finally, it's realized an analysis distinct of other paper [11] - [14] , presenting a comparative study between the experimental results and the simulation results obtained from two different models (one based on finite element method and the other on the generator's magnetization curves) that well represent the system's nonlinearities.
II. C-CORE: SWITCHED RELUCTANCE GENERATOR A. A C-SRG STRUCTURE
The axial flux switched reluctance generator has high power density and simplicity of construction, maintenance and repair. Its structure with modular and independent cores, Fig. 1(a) , allows each C-core to be built and transported separately for maintenance.
On the constructive aspect, the mainly difference between this topology and the SRG is that the C-SRG has both the characteristics of a linear and a rotational machine, Fig. 1(b) . The rotor is composed of magnetic material blocks attached to a disk-shaped structure (of low magnetic permeability), solely for support. This topology allows the existence of spare C-cores ready for installation in the event of damaged windings or material fatigue.
The C-SRG has short, unidirectional and independent magnetic flux paths. As shown in [15] and [16] , the core losses are direct proportional to the frequency. The flux density waveforms in several segments of the stator and rotor (poles and back iron) vary also with the frequency. For segments in which the flux density is unidirectional, the ripples in flux density waveform increase the core losses. For segments in which the flux density is bidirectional the core losses are still higher. Thus, due the unidirectional magnetic flux paths, the C-SRG has lower core losses when compared to the radial SRG.
On the design aspect, the C-SRG has a low rotor inertia due the possibility of the rotor disc is manufactured with a light material. In addition, the C-SRG presents the advantage of allowing the rise of the electromagnetic torque without changing the magnetic flux paths [17] . As the flux path is independent of the rotor radius, as shown in Fig. 1(b) , it is possible to increase the rotor radius without affecting the magnetic circuit.
B. OPERATION PRINCIPLE OF THE C-SRG
The operating principle of C-SRG is based on the variation of the magnetic circuit reluctance during rotor movement, due to the double salient generator poles. The ideal characteristic of the C-SRG inductance curve is shown in Fig. 2 . It is noted that inductance is a function of rotor position. In the excitation mode, the stator's magnetic core is magnetized by applying a current to the phase winding. In this mode, magnetic energy is stored in the core. In the generation mode, the magnetic energy stored in the previous mode is added to the mechanical torque at the shaft of the motor deriving from the primary motor and transferred to the load [18] .
C. OUTPUT EQUATIONS: VOLTAGE AND ELECTRIC POWER
The C-SRG output electric power (P ele ) is calculated by (1):
where k e is the efficiency factor, k d is the duty cycle, A s is the specific electric loading, ω rot is the rotor speed in rad/s, B is the stator pole flux density, l r is the rotor pole stack length, r int is the inner radius, L u and L a are the inductance in the unaligned and aligned position respectively.
where k e is the efficiency factor, k d is the duty cycle, A s is the specific electric loading, ω rot is the rotor speed in rad/s, B is the stator pole flux density, l r is the rotor pole stack length, r int is the inner radius, L u and L a are the inductance in the unaligned and aligned position respectively. The variable l r is a submultiple of the inner radius according to [15] . In this research, l r is equal to the stator pole width. The efficiency factor k e is related to the electromechanical energy conversion and it is in a range from 0.8 to 0.93 [17] .
The duty cycle, k d , represents the motor operating cycle and is defined by (2):
where θ i is phase current conduction angle, m is the number of generator phases and N ro is the number of rotor poles. The specific electric loading, A s , is the linear current density along the air gap and can be calculated by means of (3). In general, A s lies in a range from 20,000 to 90,000 ampereturns/meters [19] .
where N turn is the number of turns per phase, I p is the peak phase current, m is the number of simultaneous conducting phases, n is the number of active poles per phase and D is the rotor inner diameter (D = 2 · r int ). The voltage per phase is determined by (4):
where v is the instantaneous winding voltage, R is the winding resistance, i the instantaneous winding current, θ is the rotor position, λ is the flux linkage and t is the time. Disregarding the resistance R and assuming a constant phase current during the phase conduction time, equation (4) can be simplified to (5):
where V and t are the media phase voltage and misalignment poles time respectively.
III. C -SRG DESIGN
The C-SRG design steps are shown in Fig. 3 . The proposed methodology involves obtaining the final dimensions of the magnetic core and the coil winding by an initial design (pre-project) calculated from analytical equation. Next, the final dimensions are determinate applying a multiobjective optimization technique. Although the dimensions of the initial design may be chosen arbitrarily, having initial parameters that meet, albeit partially, the design specification is a good starting point for optimization process, as it speeds up the search process.
A. INITIAL DIMENSIONS OF C-SRG
The design of the C-SRG magnetic core is determined from the generator's output equations and basic specifications such as: rated power, output voltage and rated operating speed. In this research, a C-SRG is designed with electric power and output voltage of 1500W and 180V, respectively, for the rated speed equal to 1500rpm.
Following the steps presented in the Fig. 3 , it is necessary to select the geometry of the C-SRG, calculate the dimensions of the magnetic core and determine the stator coil design. These parameters have been documented in the literature for radial flux reluctance motors. The same procedures may be adapted for the C-SRG.
1) PHASES NUMBER
The phase number is related to the start-up of the machine and ability to operate in two directions of rotation. These requirements can be neglected since the machine is operating in generation mode [1] and the C-SRG can performs with only one phase. However, reluctance generators with a large number of phases are more reliable because they can continue operating for a while in the event of phase loss. For the C-SRG design, it is adopted the phases number equal to three.
2) POLES NUMBER
There are different topologies that can be adopted for the numbers of poles. In general, it is adopted a regular structure with stator pole number (N es ) higher than rotor pole number (N ro ). Recent research over the use of higher number of rotor poles instead of stator poles number were covered in [20] - [22] . Reference [20] , for example, shows that adopting N ro > N es , it has the advantage to increasing the specific torque and efficiency, but only at lower current density. In this research, the design of the C-SRG adopted a regular three phases structure with N es > N ro .
The multiplicity is defined as the number of pole pairs active simultaneously. One of the effects of the multiplicity is related to the vibration and acoustic noise in reluctance machine [23] . Increasing the multiplicity, in general, reduces the vibration and acoustic noise caused by the electromagnetic radial force produced by excitation. However, this cannot be considered a substantial advantage for a regular C-SRG, since radial force produced by excitation is much smaller than tangential force produced as it will be indicated in the results section.
A significant factor related to the rotor pole number (and to the multiplicity) is the stator frequency for phase or switching frequency, f s (6):
Increasing the f s , the commutation torque ripple frequency increases as well, making the filtering system easier. On the other hand, the switching and core losses also increase [13] , [16] . Thus, it is suggested doing a cost benefits analysis in accordance to the application. In this design, it is adopted multiplicity equal to 2 (C-SRG 12/8) since the aim is to validate the project methodology.
3) AIR GAP LENGTH
The air gap length has a strong influence on magnetomotive force produced by the magnetic circuit. The smaller the air gap length is, the smaller the current phase required to produce the same quantity of magnetomotive force will be. But, due mechanical limitations, the smallest air gap practical for industrial machines is around 0.2 mm [24] . It is used air gap equal to 0.25 mm in the project of the C-SRG.
4) POLE ARCS
The pole arcs dimensions define the effective zone of electromagnetic torque and can ensure a better use of the inductance curve. According to [25] , for a regular machine, the pole arc of the stator (β es ) and the pole arc of the rotor (β ro ) must meet the following constructive relations: β ro ≥ β es and (β ro + β es ) ≤ (2π / N ro ).
A third constructive relation can be defined from the need to reduce the torque ripple. The angular distance between adjacent phase inductances (ε) is defined by (7) .
As indicated in [26] , in order to reduce the torque ripple during the commutation, it is necessary the presence of an overlapping angle between the inductance curves adjacent, in other words, β e ≥ ε.
Based on these three criteria, the limits of the pole arcs can be defined in a feasible triangle as shown in Fig. 4 . The pole arcs of the initial project are chosen arbitrarily in accordance with the feasible triangle limits. 
5) STATOR AND ROTOR WIDTH
The stator width (l es ) and rotor width (l ro ) poles are given by (8) and (9):
6) ROTOR INNER RADIUS
The rotor inner radius, r int , is calculated from the output electric power equation (1) . Thus, r int is obtained by (10):
where
The variable k 2 depends on the operating point of the generator. For radial-flux reluctance machines (SRM) at rated point operating, k 2 is generally in the range of 0.65 -0.75 according to [15] . So, it is assumed k 2 = 0.65 in the initial project of the C-SRG. Also, it is adopted B = 1.4 T (knee of the material magnetization curve) and A s = 40000. These values will be corrected during the optimization process.
7) POLES HEIGHTS
The height of the stator pole (h es ) in SRM is related to the coil height as well as the height of the rotor pole (h ro ) is related to the bore diameter of the machine. These criteria are not required for the C-SRG since the coil is not located in the pole and the rotor poles are embedded in the rotor disc.
Reference [27] presents that the stator and rotor heights of the SRM are related to the pole spans. These relations are described in (11) and (12) . These relations are also applied to estimate the h es and h ro of the C-SRG.
Note that it could be adopted h es =0. However, it is established a value unequal to zero as design criteria in order to direct better the magnetic flux through the air gap. The height of the rotor pole could also be estimated if the slot height (h slot ) is known, using h ro = h slot −2 · h es −2 · l gap .
8) COIL DIMENSIONS: NUMBER OF TURNS AND SLOT DIMENSION
The main issue of the number of turns in conventional electric machines is how to allocate the coils into the stator or rotor slots without exceeding the suitable limit of space and refrigeration. But, the C-SRG has a large space available to allocate the coils [17] . Also, the coils are located on the outer circumference, facilitating the air flow path and the heat exchange with the environment.
The number of turns per phase can be obtained from (3) for a given specific electric load and maximum permissible current on the conductor [15] . Note that the specific electric load depends on the generator cooling system.
The slot length (l slot ) depends on the number of turns. It should be checked if the slot area is enough to hold the winding according to the fill factor. In general, the winding fill factor is defined in a range of 0.2 -0.7 and it is defined as: fill factor = (stator winding area) / (stator slot window area).
9) C-SRG INITIAL PARAMETERS
The dimensions of the initial generator design and the views of the stator core are shown in Fig. 5 and Table 1 .
B. OPTIMIZATION AND FINAL DIMENSIONS OF THE C-SRG
The final dimensions of the magnetic C-Core are calculated using an optimization technique. The aim is to obtain a reluctance generator with output electric power between 1.5kW and 2.0kW and induced voltage at the terminal between 90V and 180V. Therefore, there is more than a goal to be achieved, characterizing the problem as multi-objective. Furthermore, the FEM-2D is coupled with the iterative optimization process to better represent the system's nonlinearities. The optimization process seeks a solution vector within a four-dimension Euclidean space [x 1 x 2 x 3 x 4 ] that is the best solution for the vector formed with the objective functions [f 1 (x)f 2 (x)], also defined within a Euclidean space. It is observed that in multi-objective optimization, there is no single optimal solution, but a set of possible, non-dominated solutions also known as Pareto optimal solutions.
The variables of the solution vector [x 1 x 2 x 3 x 4 ] are respectively: N turn , r int , β es e β ro . The maximum and minimum values of each variable vector are defined in Table 2 . The optimization technique adopted is the Weighting Method. This method is one of the most common forms of solving multi-objective problems and presents as advantage its simplicity. It reduces the multi-objective function to a single-objective scalar function by assigning different weight values to each objective function, according to (13) and (14):
x 3 −x 4 ≤ 0 and x 3 + x 4 ≤ 0.78539.
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The weights vector is represented by variable w where: w > 0 and ||w|| = 1. Variable c i is a normalization factor given by (15) . Data normalization is necessary to compare the objectives in a same scale during the optimization.
The objective functions f 1 and f 2 are respectively the relative squared error of the output electric power (16) and the relative squared error of the output phase voltage, E ind , (17):
where P rel is the reference output electric power and E rel is the reference induced voltage. The multi-objective function (OF) is minimized using a direct search algorithm called Pattern Search in optimization toolbox of the Matlab. This method not require any information about the gradient or derivative of the OF and finds the solution by an interactive process. This method searches a set of points (a new solution vector) around the current point (current solution vector), looking for one where the value of the OF is lower than the value at the current point [28] .
At each algorithm iteration, the inductance values in the aligned and unaligned position are determined by FEM-2D. The two-dimensional finite element method was chosen due to its low computational effort compared to FEM-3D. Because of the three-dimensional nature of the magnetic flux distribution in C-SRG, calculating the inductance by FEM-2D is imprecise, especially in the unaligned position. These errors are attributed to the magnetic flux paths present in the dimension which is not considered in FEM-2D. The Fig. 6 shows the difference between the inductances calculated by the FEM-2D an FEM-3D for the aligned and unaligned rotor position. In the aligned position, the effect of the spreading out of magnetic flux is small because the gaps between the stator and rotor poles are minimums. So, the flux paths that acts in the dimension which is not considered in the FEM-2D are not too relevant.
In contrast, the gap between the stator and rotor poles in the unaligned position is maxima. In this case, the effect of the spreading out of magnetic flux in the three dimensions are relevant. Thus, the FEM-2D presents a considerable error in the inductance calculation relative to the FEM-3D. To reduce this difference, correction factors (k a and k u ) are determinate and applied in FEM-2D models, as shown in Fig. 7 and Fig. 8 , to calculate the inductance in the aligned and unaligned positions. These factors were estimated based on the inductance to the desired position, according to the level of the magnetic material saturation. For a set of points within the search range of the number of turns, the difference is checked between the inductance values calculated by FEM in two and three dimensions. The k a and k u factors are calculated from the interpolation of the percent error between these two inductances based on an equivalent turns number to the magnetic saturation of the material as shown in (18) and (19): (19) where error a and error u are the inductance percent errors in aligned and unaligned position respectively, L a 3 D and L u 3 D are the aligned and unaligned inductances calculated by FEM-3D, L a 2 D and L u 2 D are the aligned and unaligned inductances calculated by FEM-2D. Applying the weighting method to minimize OF, the Pareto Distribution was determined for the generator, as illustrated in Fig. 8 . Following the determination of the Pareto curve, decision-making procedures are necessary to define which one of the optimal design will be adopted.
65468 VOLUME 6, 2018 There are several techniques and algorithms in the literature that perform decision-making. In general, they are related to reducing final design costs and facilitating manufacture. As this design has no commitment between cost and manufacturing, the decision criterion adopted for the prototype was the closest point to the two initial objectives: f 1 and f 2 closest to zero. To this end, a circumference was drawn centered at (0.0).
The optimal point of the Pareto curve closest to the circumference for the C-SRG is shown in Tables 3 and the final  dimensions are shown in Table 4 . 
IV. DISCUSSIONS AND RESULTS
Simulations and experimental test were implemented to validate the proposed design methodology and the final dimensions of the C-core generator. Due the limitations in the project financials, only a single C-core was built. However, only a C-Core is sufficient to obtain the static and dynamics results on account of the modular and symmetrical structure of C-SRG.
The static simulations were developed in Maxwell 3D software (Ansys) and the static experimental results were obtained using a data acquisition software developed in the Labview R to extract the data of the oscilloscope via Ethernet.
A. STATIC SIMUTATION RESULTS
The distribution of the magnetic flux density on the fully aligned and unaligned positions of the final design of the C-SRG is shown in Fig. 10(a) and Fig. 10(b) . The results of the flux density magnitudes in the stator pole for the aligned and misaligned positions are 1.41T and 0.17 T respectively.
As expected, the field densities in the aligned positions are around 1.4T, i.e., in the knee region of the magnetization curve of the magnetic material, according to Fig. 11 . 
It is observed that this would be the output electric power if the electric current in the windings remained constant and the entire inductance decreasing curve were used during the generation stage. That does not occur during dynamic VOLUME 6, 2018 operation. The static power calculated by means of (20) for the C-SRG prototype is equal to 3.50 kW. 
B. EXPERIMENTAL RESULTS
The system (C-Core + Mechanical Base) developed is shown in Fig. 14 . The material used to build the C-Core is the silicon steel E 230. The experimental magnetization curves were obtained applying direct procedures measurements, i.e., from measurements of the electric voltage and current in the C-core phase windings.
There are several direct techniques to determine the magnetization curves. The simplest method consists to calculate the magnetic flux from an electric voltage applied in the generator phase winding for different position between the stator and rotor' poles. However, this method will present significant error if the magnetic material operates in the saturation region. So, it is inappropriate for switched reluctance machines since they operate in the saturation region constantly. According to [29] , the most effective direct method for obtaining the magnetization curves involves applying a voltage step in the C-core phase winding, for different locked rotor positions between the aligned and unaligned region and storing the current (i) and voltage (v) responses. Such as the winding phase resistance is knowing, the magnetic flux is determinate by (21) :
where t is the total time of the step. The experimental test consists in varying (manually) the rotor to the position desired and block the rotor with the mechanical lock. After, a step voltage is applied in the C-Core winding phase and the current and voltage responses are stored. Using a data acquisition software developed in the Labview R to extract the data of the oscilloscope and calculate the magnetic linkage flux, it was obtained the magnetization curves in the aligned and unaligned position and compared to the simulated results according Fig. 15 .
The inductance behavior is calculated by the ratio λ = L · i. Thus, the experimental magnetic flux linkage was divided by the test current and the inductance curve for the rated current was obtained as shown in Fig. 16 . To analyze the experimental results, statics simulations using finite element in two dimensions were also developed allowing to compare the results and validate the design methodology proposed. It was analyzed only the data of the aligned and unaligned position due their relevance on the design methodology.
The comparison of the experimental and simulated results is is detailed in the Table 6 , which are: magnetic flux linkage on aligned position (λ a ), magnetic flux linkage on unaligned position (λ u ), inductance on aligned position (L a ), inductance on unaligned position (L u ), maximum static output electric power (P max s ta ) and output electric power (P ele ). The errors related to the experimental results of each parameters simulated are presented in Table 5 and 6. It is also important to highlight that the maximum static output electric power and output electric power are not measured directly. They are derived from the inductance and magnetic flux linkage measured and from the C core dimensions. Notes that the errors of the simulations results related to the experimental tests reach a maximum of 10%, That is an acceptable level of error in design of reluctance electric machines [15] , consequently, it makes the proposed methodology appropriate for the C-SRG project.
C. DYNAMIC SIMULATION RESULT
The dynamic responses of the generators were determined through simulations developed in Matlab/Simulink software. For each generator, a model was implemented and coupled to a control and drive system - Fig. 17 . The C-SRG model is developed based on the magnetization curves of each generator acquired in static tests. The procedures for obtaining these models have been described in [30] .
The voltage control system was designed to maintain the voltage on the DC bus constant even after load insertion. It uses an integral proportional compensator that adjusts the turn off angle (θ off ) based on the error between the reference voltage and the measured value of the DC bus voltage. The C-SRGs are self-excited, i.e., they do not require another source for magnetization. The initial voltage on the capacitor is 180V.
During the test, three 500W loads are added gradually (R1, R2, R3). The system is initiated with the R1 load connected to the DC bus. The R2 and R3 loads are connected at 1.4s and 2.5s, respectively. According to Fig. 18 , it is observed that the designed C-SRGs generated 1.5kW of power at rated operating speeds. Furthermore, the control system kept the voltage at 180V for three simulated generators following load insertion - Fig. 19 . 20 features the electric currents C-SRG during the period in which the generated power is 1500W. It is noted that in the three designed C-SRGs, the current increases in the generation period, so the exciting factor and, consequently, electric loss are smaller [30] .
V. CONCLUSION
The proposed methodology uses an interactive model implemented in the software Matlab R along with Finite Element Method Magnetics (FEMM) to obtaining the generator dimensions. The two-dimension finite element model is used in the design process to reduce computational effort during the optimization process when compared to threedimensional finite element method. However, it is necessary to include correction factors in the model. Comparing the static simulation results obtained by the FEM-2D model and the FEM-3D model, we conclude that the methodology applied is suitable to obtain the final dimensions of the C-SRG. A prototype of the C-Core was built in order to validate the methodology. The comparison of the static experimental and simulated results attests the viability and efficiency of the proposed methodology to design C-SRG for wind power generation. From 1979 to 1983, he was with General Electric, Brazil, as an Application Engineer dedicated to large motors and generators and designing large induction and synchronous motors. From 1983 to 1989, he was with Vigesa Heavy Equipment, Brazil, where he was involved in designing very large hydrogenerators and also performing commissioning tests on hydropower plants in Brazil. He is currently a Full Professor with the Electrical and Computer Engineering School, UNICAMP, where he is involved in researching and teaching in the areas of electrical machines, power electronics, drives, and electrical power systems. VOLUME 6, 2018 
